Abstract: A rate equation model is used to predict the maximum modulation rate of a quantum dot photonic crystal laser. We predict that the modulation rate is limited by the carrier capture rate into the dots. Recent advances in semiconductor fabrication technology have enabled extensive research on photonic crystal nanocavity lasers. These nanocavities can be fabricated in an optically active material so that a large fraction of spontaneously emitted photons are coupled to a single lasing mode. This property has been used to create quantum dot photonic crystal lasers designed to exhibit ultra-low thresholds -much lower than their quantum well counterparts [1]. Recently it was demonstrated that quantum well photonic crystal lasers can be modulated at rates approaching THz [2]. In this work we examine the factors limiting the modulation rate of quantum dot photonic crystal lasers, to determine whether in addition to their ultralow thresholds they could also be used to achieve ultra-fast modulation speed. To study the characteristics of these lasers we fabricated high-Q, linear 3-hole defect photonic crystal cavities in a GaAs membrane (Fig. 1) . The membrane is approximately 135nm thick and contains one layer of high-density (600/µm 2 ) InAs quantum dots. The structures were placed inside a He-flow cryostat and cooled to 4K. They were optically pumped using a Ti-Sapphire laser, and the emission was detected using a liquid nitrogen cooled spectrometer. The center of the quantum dot emission is at 925nm and the cavity resonances were lithographically tuned by varying the hole radii to match this wavelength. Figure  1a shows a scanning electron microscope image of a fabricated structure. To determine the cavity photon lifetime the quality factor of the cavities was measured using continuous wave pumping. Fits to a Lorentzian lineshape indicate that the cold cavity quality factors are around 3000. We were unable to observe lasing in continuous wave due to pump induced heating of the structure, but we observed strong linewidth narrowing indicating the presence of gain.
Figure 1 a) SEM picture of the fabricated structure. b) Cavity mode spectra demonstrating the cold cavity Q-factor of 3000 (bluemeasurement; red-Lorentzian fit).
To study the characteristics of these lasers we fabricated high-Q, linear 3-hole defect photonic crystal cavities in a GaAs membrane (Fig. 1) . The membrane is approximately 135nm thick and contains one layer of high-density (600/µm 2 ) InAs quantum dots. The structures were placed inside a He-flow cryostat and cooled to 4K. They were optically pumped using a Ti-Sapphire laser, and the emission was detected using a liquid nitrogen cooled spectrometer. The center of the quantum dot emission is at 925nm and the cavity resonances were lithographically tuned by varying the hole radii to match this wavelength. Figure  1a shows a scanning electron microscope image of a fabricated structure. To determine the cavity photon lifetime the quality factor of the cavities was measured using continuous wave pumping. Fits to a Lorentzian lineshape indicate that the cold cavity quality factors are around 3000. We were unable to observe lasing in continuous wave due to pump induced heating of the structure, but we observed strong linewidth narrowing indicating the presence of gain.
To investigate the dynamics of these structures we pumped them with 3ps pulses at an 80MHz repetition rate. We measured the cavity mode intensity as a function of excitation power to confirm that the structures are lasing. Figure 2a shows the light-in light-out curve that indicates the devices have a threshold of around 250nW average power. Figurbe 2b shows the lasing spectra indicating the devices are lasing in a single mode. We used a streak camera setup to perform time-resolved measurements on devices that were not lasing (Fig. 2c) . From fits to the rise and fall times of the time-resolved photoluminescence a) b)
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we determined that the carrier capture time is approximately 20ps and the average spontaneous emission lifetime of dots coupled to the cavity is approximately 300ps. To predict the maximum modulation rate of these photonic crystal lasers we employed a three level rate-equation model for the photon density P, the ground state carrier density N G , and the wetting layer carrier density N W :
Here v g is the group velocity, Γ the confinement factor, β the spontaneous emission coupling factor, τ sp,d and τ sp,w the spontaneous emission lifetime of the dot and wetting layer respectively, τ p the photon lifetime, τ c the carrier capture time into the dots, and R p is the pump rate. A linear gain model is used g=g o (N G -N tr ) where g o is the differential gain and N tr is the transparency carrier density. The parameters for this model were taken either from data discussed above or from similar devices in the literature [1] . Numerical simulations of the rate equations indicate that the rise time of these lasers is reduced due to Purcell effect reduction of the spontaneous emission lifetime. This result agrees with previous work on quantum well nanocavity lasers [2] . However, the rise time of the quantum dot lasers is limited by the carrier capture time. For suitable pumping conditions the numerical simulations indicate that the fall time is limited by the photon lifetime of the cavity. From these results we predict that our quantum dot photonic crystal lasers will be limited by the rate of carrier capture into the dots to about 25GHz. We are currently performing time-resolved measurements to confirm this prediction.
In conclusion we have used a rate equation model to predict the maximum modulation rate of quantum dot photonic crystal lasers. We find that the modulation rate is limited by the carrier capture rate into the dots to about 25GHz which is comparable to the fastest quantum dot lasers demonstrated to date, but with much lower lasing thresholds [3] . This suggests that in order to improve the modulation rate a pumping scheme that circumvents the wetting layer and directly pumps the ground state of the dots is necessary. This work has been supported by the Marco Interconnect Focus Center, the NDSEG Fellowship, and NSF grants No. ECS-0424080 and No. ECS-0421483. [2] Hatice Altug, Dirk Englund, and Jelena Vuckovic, "Ultrafast photonic crystal nanocavity laser," Nature Physics 2, 484-488 (2006) [3] Z. Mi, P. Bhattacharya, and S. Fathpour, "High-Speed 1.3µm Tunnel Injection Quantum Dot Lasers," APL 86, 153109 (2005) a) b) c) P th~2 50nW
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